Jischke (1) has proposed a fluid-dynamic model of the fault slip zone between underthrusting oceanic crust and overriding continents as a thin fluid layer in which heating occurs because of viscous dissipation. It differs from the one-dimensional Couette flow midel of Turcotte and Oxburgh (2) by allowing the thickness of the slip zone to vary with depth. An important consequence of this variable slip-zone thickness is that the slip zone subjects the descending lithospheric slab to both a shear force and a nonhydrostatic pressure force which can balance the gravitational force acting on the slab. In this way, the descending plate adheres to the overriding block, maintaining an angle of descent dictated by the geometry of the overriding continent. Thus the observed constancy of the dip angle of descending plates can be explained. In addition, this theoretical model allows one to estimate the slip zone thickness, viscosity, shear stress and energy dissipation. The results obtained are in good agreement with accepted values.
P M (z) to be related to the dip angle of the slab. Hence, if the slip zone viscosity µ is constant, Eq. 1 implies U varies as cos θ -i.e., U decreases with increasing θ. This variation is compared with the data in Figure 1 where it is seen that not only is there poor numerical agreement, but even the trend of the data does not agree with the theory. Indeed, the measurements seem to suggest roughly that the plate velocity increases with the dip angle.
Thus, we have the rather curious situation of a theoretical model which gives good agreement on several comparisons with observations -slip zone thickness, viscosity, shear stress, and dissipation -and, at the same time, completely misses what may be the most important variable -the plate velocity. It is becoming clear that once the plate velocities are known, rather simple fluid dynamic models using these velocities as boundary conditions can reproduce many of the features of the mantle including the observed dip angles (e.g. Hager and O'Connell (13) ). The fundamental question then becomes: what determines the plate velocities? It is our contention that the velocity of a plate is determined by the dynamics in the trench slip zone. Of the forces driving the global motion, those acting on the descending slab are far and away the largest (see e.g. Forsyth and Uyeda (14) and Solomon and Sleep (15) ). These forces -gravity, pressure, and viscous -must thus be in mechanical equilibrium, at least approximately. In our view, this condition of mechanical equilibrium determines the resulting plate velocity.
Consequently, Eq. 1 should describe the variation of the plate velocity with θ. We believe it does, in fact, give U as a function of θ provided one takes account of the fact that the viscosity µ of the slip zone varies with θ. Several mechanisms can be postulated within the framework of the thin slip-zone model that cause a variation of µ with θ. For example, viscous dissipation (which increases with velocity U) can cause internal heating that changes the average slip-zone temperature and thus the viscosity. Analysis shows, however, that this effect tends to cause the plate velocity to decrease even more rapidly with θ than the theoretical result shown in Figure 1 . A second mechanism might be found in the varying amounts of oceanic sediments that are entrained into the slip zone. If one assumes that the amount of sediment entrained is proportional to the slip-zone thickness and that increasing the relative amount of oceanic sediments in the slip-zone decreases the average viscosity, then this mechanism will also cause the plate velocity to decrease more rapidly with θ than the theoretical result shown in Figure 1 .
A third possibility that we favor attributes the variation of µ with θ to the involvement of water which is released from the descending slab. As we shall see, the associated variation of µ with θ is sufficiently strong that the cos θ variation implied by Eq. 1 when µ is assumed constant is quite misleading. Indeed, water involvement allows the trend of U with θ to be reversed.
We propose that the source of most of the water is dehydration of the oceanic crust during underthrusting. Anderson, Uyeda, and Miyashiro (16) suggest that the upper part of the oceanic crust contains 3.5% water by weight in a metabasalt layer 2 km thick. This water is released by endothermic dehydration reactions. These reactions represent a significant heat sink for the slab and slip zone and thus buffer the temperature field in that zone as well as provide a source of water for the slip zone. The amount of water that enters the slip zone is presumably determined by temperature and pressure distributions within the downgoing slab as well as various physical properties of the slab and the water (e.g. slab porosity, water viscosity, etc.). Since there is a pressure gradient across the slab as a consequence of the nonhydrostatic pressure variation in the slip zone and the roughly hydrostatic variation in the mantle, we propose that water enters the slip zone from the slab at a rate determined by the pressure gradient across the slab. For simplicity, we further assume a simple linear relation between the mass flux and the pressure gradient -i.e., Darcy's law, Here the subscript w refers to water. The average velocity of the water as it percolates through the slab is v W , k is the permeability of the slab, µ W is the dynamic viscosity of the water, and ∆ P is the pressure drop across the slab of thickness t.
To determine the amount of water entering the slip zone from the underthrusting slab, consider a differential element of oceanic crust of volume t∆A (∆A is the surface area of the element) as it enters a trench. Let us assume that hydrated minerals are found in a layer of thickness d and that upon complete dehydration, the mass fraction of water in the layer is α. Then if β is the fraction of this water driven out of the differential element of crust by pressure forces during the time it takes the element to travel the length of the slip zone (i.e., z/U cos θ ), we have where ℓ is the plate length (ℓ = z/cos θ ). The integral in Eq. 3 gives the net pressure force (per unit width) acting on the slab and thus must be equal to the component of the gravity force (per unit width) acting on the slab -∆ p ℓ tg sin θ -if the slab is in mechanical equilibrium. Thus
If we take the following as nominal values, we obtain β = 0.6 tan θ , suggesting that there is a wide range of values of θ for which only a fraction of the water enters the slip zone. More importantly, β is predicted to increase with θ. Since the viscosity of mantle material decreases with increasing water involvement, we thus find that the viscosity µ in the slip zone decreases with increasing θ. Tsukahara's (17) work shows that the effective viscosity varies exponentially with the mass fraction of water. Water, through its effect on viscosity, can thus have a marked effect on the dynamics of slip zones. Consequently, the trend of U with θ as implied by Eq. 1 with µ constant is likely to be in error.
To further illustrate the effect of water involvement on the crustal velocity, we assume the viscosity µ is exponentially dependent on the average mass fraction of water in the slip zone, where ε is a constant. Further assuming that the only variation of β with θ is due to the combination U/tan θ , we can rewrite Eq. 1 as where a and γ are constants. Choosing a nominal condition to evaluate the constant a (here taken to be the observed conditions for the Kurile trench), we can rewrite Eq. 6 as where η k = γ tan θ k /U k is the only parameter that survives. This implicit equation for U/U k as a function of θ has been solved numerically and the results are compared with observations in Figure 2 for different values of η k . While not all of the trench data agree with Eq. 7, most of the data appear to follow the trend given by that equation with η k of the order of unity. Importantly, the observed trend of increasing U with θ is reproduced.
The singular behavior implied by Eq. 6 as θ approaches π/2 is artificial and can be eliminated by noting that the maximum value of β, the fraction of water driven out of the descending plate, is unity. Thus, beyond a critical value of θ, given by all the available water is driven out of the descending slab. For values of θ beyond this critical value, the viscosity no longer decreases with increasing θ but remains roughly constant. Thus U does not grow without limit as θ approaches π/2.
We conclude that inclusion of the effects of water involvement, especially at it affects the viscosity of the slip zone, is a potentially important part of an adequate description of the dynamics of trench systems. Further, we believe that the velocity of crustal plate movements is determined by forces acting in the slip zone and can be estimated using the model described herein. However, more accurate numerical estimates will require more precise information regarding the effect of water on the slip zone viscosity as well as the porosity and permeability of underthrusting oceanic crust.
